The intracellular distribution of the neurotoxin 2,4-diaminobutyric acid (DABA) in mature leaves of the perennial legume Lathyrus sylvestris L.
ABSTRACI
The intracellular distribution of the neurotoxin 2,4-diaminobutyric acid (DABA) in mature leaves of the perennial legume Lathyrus sylvestris L.
var 'Lathco' (flatpea) was determined using subcellular fractions from mesophyll protoplasts. Chloroplasts contained about 15% of the cellular DABA. At least 75% of the DABA was vacuolar, based on the assumptions that each protoplast contained a single vacuole and that acid phosphatase occurred exclusively in the vacuole. DABA was not detectable in peroxisomal and mitochondrial fractions. Because the vacuole is not a major site of amino acid synthesis, this distribution implicates synthesis of DABA within chloroplasts with subsequent transport to and storage within the vacuoles of the mesophyll cells.
clover occurred in the vacuoles. In yeast, basic amimo acids accumulated in the vacuoles (28). On the other hand, Yamaki (30) and Wagner (25) reported that most of the nonprotein amino acid y-aminobutyric acid occurred outside the vacuole.
These results seem to indicate that the distribution of amino acids between vacuoles and extravacuolar spaces varies among different organs and species and that general statements about the intracellular distribution are difficult to formulate.
This work describes the isolation of intact chloroplasts, mitochondria, peroxisomes, and vacuoles from flatpea leaf mesophyll protoplasts and analysis of these organelles and epidermal strips for the presence of DABA. Results show that there are at least two major pools of this nonprotein amino acid in the mesophyll cell, one in the chloroplast, the other in the vacuole. Occurrence of a large quantity of DABA in the vacuole of mesophyll cells and in epidermal tissue is consistent with a nitrogen storage function (22) .
The neurotoxin DABA2 occurs naturally in flatpea, Lathyrus sylvestris L. In leaf tissue, levels of this compound reach 2 to 3% of the dry weight, and higher levels have been observed in reproductive tissues (2, 22, 23) . Because flatpea is a hardy, perennial legume that possesses many characteristics that are desirable in a forage species, the presence of this nonprotein amino acid is an important agronomic problem, restricting utilization of this species for forage production. Knowledge of the intracellular localization of DABA is critical for understanding biosynthetic, transport, and metabolic processes involving this lower homolog of lysine.
Legumes frequently contain significant levels of free, nonprotein amino acids that are potentially cytotoxic. Subcellular compartmentation may thus play an important regulatory role. Chloroplasts from pea plants (Pisum sativum L.) have been reported to contain about 20% of many of the cellular free amino acids with a range of 8 to 40% for individual compounds (20) . Vacuoles of mature plant cells have also been found to be major storage sites for amino acids (6, 19, 25, 30) . In apple cotyledons, more than 80% of the free amino acids histidine, arginine, tryptophan, and valine were contained in the vacuole with most of the other free amino acids being present in vacuoles at levels greater than 50% of their cellular total (30). Boudet et al. (6) found that more than 50% of the free amino acids in sweet ' 20-30°C) . Fully expanded leaves from regrowth of plants clipped to the crown within the previous month were selected for protoplast preparation.
Protoplast Isolation. Following removal of the abaxial epidermis, flatpea leaves were incubated at 25°C in digestion medium composed of 0.5 M sorbitol, 1 mm CaCl2, 0.05% (w/v) BSA, 2% (w/v) Cellulase Onozuka RS3 (Yakult Honsha Co., LTD, Nishinomiya, Japan), and 0.3% (w/v) Macerozyme R-10 (Yakult Honsha Co., LTD) at pH 5.4. After 1.5 h, mesophyll protoplasts were released by gentle swirling and were purified using a modification of the procedure of Edwards et al. (12) . Protoplasts recovered from the enzyme medium were resuspended in flotation medium containing 0.5 M sucrose, 1 mm CaCl2, and 7% (w/ v) dextran (mol wt 35,000-50,000, United States Biochemical Corporation). This suspension was overlayered with a solution of 0.4 M sucrose, 0.1 M sorbitol, 1 mM CaCl2, 7% (w/v) dextran (mol wt 35,000-50,000), and 5 mM Mes-KOH (pH 6.0). For purification of protoplasts for subsequent fractionation on sucrose gradients, the second overlayering solution was composed of0. 4 ruptured by 20 passes through a 20 jsm nylon net, diluted 3-fold with identical medium, and layered onto a 20 to 60% (w/w) sucrose gradient (27). Gradient fractionation was achieved by upward displacement at a rate of0.5 ml/min using an Isco model 640 gradient fractionator. Sucrose concentrations in 1.2 ml fractions were monitored by refractometry.
Intact chloroplasts were also isolated mechanically, purified, and washed extensively following procedures described by Cline et al. (8) . Membrane integrity was eliminated by incubating chloroplast preparations in an equal volume of 0.1% (v/v) Triton X-100 prior to and without adverse effects on enzyme assays.
Vacuole Isolation and Purification. Purified protoplasts (_ 1 ml of Chl) were pelleted by centrifugation at 600g for 1 min. Vacuoles were released from these protoplasts by addition of 1 ml of 0.1 M K2HPO4-HCl (pH 7.5) (4, 25) followed by vigorous vortexing for 15 s. After 5 min at 25°C, the osmoticum was adjusted to 0.3 M by addition of 1 ml of 0.5 M mannitol containing 2 mm DTT, 2 mM EDTA, 2 mm CaCl2, and 0.2% (w/v) BSA in 25 mm Hepes-KOH (pH 7.5). Two-ml aliquots of this preparation which contained numerous intact protoplasts and some intact vacuoles were loaded onto Ficoll gradients consisting of 3 ml steps of 5, 7, 10, and 15% (w/v) Ficoll-400 (Sigma) in 25 mm Hepes-KOH (pH 7.5) containing 0.4 M mannitol, 1 mM CaC12, 1 mM DTT, 1 mm EDTA, and 0.1 % (w/v) BSA (16 Detector range and time constant settings were 0.02 and 0.5, respectively. DABA in samples was identified by its similarity in retention time to that of pure DABA (Sigma) and by increased peak areas observed upon spiking samples with the standard. Quantification was based on a standard curve generated using the pure reagent. Peak areas were determined using a Nelson Analytical model 4416X chromatography data system. RESULTS AND DISCUSSION High yields of mesophyll protoplasts were readily obtained from fully expanded leaves from mature plants maintained in the greenhouse. Although the spherical nature of flatpea protoplasts (Fig. IA) was consistent with complete removal ofcell wall material, these protoplasts were quite stable and difficult to rupture. Most of the protoplasts, however, were disrupted after 20 passes of the preparation through a 20 Mm nylon net.
Sucrose density gradient centrifugation ofruptured protoplasts was employed to assess retention of organelle integrity. Distribution of activities of marker enzymes in a representative gra-dient is illustrated in Figure 2 . Levels of activities detected in this gradient indicated that approximately 90% of the chloroplasts and mitochondria and 70% of the peroxisomes remained intact. The appearance of two peaks of NADP-G-3-P DH activity observed at the bottom of the gradient was due to aggregation of chloroplasts on the cannula of the fractionator. A small part of the chloioplast band was displaced normally during gradient fractionation; the majority of the chloroplasts was displaced later as a single clump with the 60% sucrose cushion. The cytoplasmic fraction contained the vacuolar constituents as indicated by the presence of a-mannosidase and acid phosphatase activities (data not shown).
The subcellular distribution of DABA in mesophyll protoplasts was assessed using appropriate fractions from the gradient depicted in Figure 2 . Approximately 85% of the DABA was associated with gradient fractions one to five derived from the cytoplasm and vacuoles (Table I) . Chloroplasts accounted for the remaining DABA, a level consistent with observations for protein amino acids in pea leaves (20) . Extensive washing of mechanically isolated chloroplasts to remove DABA that may have associated with the chloroplast envelope during tissue disruption failed to remove all of the DABA. Quantities on the order of 100 mg of DABA per unit of NADP-G-3-P DH activity were typically obtained when membrane integrity of organelles was eliminated by incubation of the chloroplasts with Triton X-100 prior to enzyme assays. DABA was not detectable in mitochondria or peroxisomes (Table I) .
To determine the distribution of DABA between the cytosol and vacuoles, flatpea protoplasts were selectively disrupted by osmotic shock to release intact vacuoles (Fig. 1 B) . Only a fraction of the vacuoles was released because flatpea protoplasts were particularly resistant to osmotic lysis procedures and yields were not improved when variations of several other vacuole isolation procedures (5-7, 11, 14, 25) were used. Following centrifugation of the crude vacuole preparation on the Ficoll step gradient, material remaining at the top of the gradient exhibited very high levels of PEP carboxylase (cytoplasmic marker) and acid phosphatase activities, indicating considerable breakage of protoplasts and vacuoles, respectively. Based on the assumption that only one vacuole occurs in each protoplast (6) and that acid phosphatase is localized exclusively in the vacuoles (3), a comparison of the levels of acid phosphatase activity in this fraction from the gradient with that in the protoplast preparation before centrifugation indicated that 25% of the vacuoles entered the gradient, either as isolated organelles or contained within intact protoplasts. The 5/7% Ficoll interface from a representative gradient contained vacuoles that were free of contamination by intact protoplasts as determined by microscopic examinations (Fig. IC) and by absence of PEP carboxylase activity (Table II) . Although the yield of vacuoles was less than 2%, an adequate sample for amino acid analysis was obtained. As shown in Table II , this vacuolar preparation contained about 75% of the total cellular DABA, based on recovery of acid phosphatase activity. Analysis of the abaxial epidermal layer stripped from flatpea leaves revealed that about a third of the DABA of the whole leaf occurs in this layer (Table III) . DABA levels vary from preparation to preparation, but this relationship is consistent among preparations. Because higher plants often physically compartment natural products in epidermal cells whose vacuoles represent approximately 30% of the leaf volume (9), these observations support the argument that DABA is stored in the vacuole in flatpea leaves.
Comparison of pure vacuole and protoplast amino acid profiles indicated great similarity between the amino acid content of the flatpea vacuole and the protoplast as a whole. This observation supports the concept that the plant vacuole is the storage site for DABA (22) . While vacuoles constitute about 90% of the total volume of mature plant cells (7, 26) , they contained about three-fourths of the mesophyll DABA. On the other hand, about 15% of the cellular DABA was contained in the chloroplasts which represent less than 10% of the total cell volume. The concentration of DABA in the chloroplasts is therefore at least twice that in the vacuole (Tables I and II) . Results of similar considerations of data for the cytoplasm suggest that the DABA concentration in this subcellular compartment is at least equal to that in the vacuole. Since vacuoles generally contain a relatively small fraction of the total cellular protein (4) and thus are not a major site ofamino acid synthesis, the observed distribution of DABA (18) .
While changes in microsolute compartmentation may accompany plasmolysis of tissue and enzyme treatment used in protoplast preparations, these results represent a first step in understanding the metabolism and regulation of DABA in flatpea leaf tissue. The successful isolation of intact vacuoles, cleanly separated from mesophyll protoplasts, provides a key tool for further studies on the cellular site of synthesis and storage of this toxin.
